Abstract -The concept is questioned that in superacid media hydride ions are abstracted from saturated hydrocarbons solely. Apparently there are two other processes by which carbonium ions can be generated from alkanes in superacids, viz., oxidation by S0 3 or HS0 3 F and OXidation by SbF 5 • ---
INTRODUCTION
Extreme experimental conditions such as low or high pressures and temperatures have always fascinated researchers because of the possibilities they offer compared with the normal experimental conditions-room temperature, atmospheric pressure, etc.
In moving from water as solvent, we are not restricted by conditions such as those affecting acidity in water.
It is possible to obtain pH values more basic or more acidic than in water and to exceed the fourteen pH units available in the solvent water.
Thus, very acidic pH conditions, of about -25, can be obtained by adding antimony pentafluoride to anhydrous hydrogen fluoride or to fluorosulfuric acid.
Indeed supernatural properties have been ascribed to the enhancement of acidity; the mixture of SbF 5 and Hso 3 F has been called "magic acid" by Olah (Ref.l) .
Superacid media : definition As we pass progressively from pure water which has a pH of 7 to a medium whose pH * is close to -25(equimolar mixture of SbF and HF), the definition of superacidity is arbitrary because ther~ is no clearcut transition between an acid medium and a superacid medium.
To obtain high acidities, mineral acids such as H 2 so 4 (and oleums) and HC10 4 have been used at first.
Superacids are, according to Gillespie (Ref. 2) more acidic than 100% sulfuric acid, the most frequently used streng acid solvent.
The name "superacid" was first suggested by Hall and Conant (Ref. 3) for strongly acidic nonaqueous solutions. Because pure H 2 so 4 is not easy to prepare wi thout an excess of either H 2 o or so 3 , I think it is better to use another reference such as liquid hydrogen fluoride or fluorosulfuric acid (H 0 ·~ -15) • In contemporary usage the term "superacid" is taken to mean mixtures of SbF 5 on the one hand and HF, HS0 3 F or CnF 2 n+lso 3 H on the other hand. This usage is predicatedby the discovery that addition of antimony pentafluoride to these acids increased their acidity appreciably.
We shall.assume accordingly that a superacid medium is characterized by a pH < -15 referred to water.
Structure of superacid media A superacid medium is a streng donor of protons which are very reactive, because they are relatively weakly solvated by the molecules of the solvent To simplify matters, I have assumed that pH referred to water is equal to the Harnmett acidity function·Ho~ This is a rough approximation.
and/or by the lyate ions. When SbF 5 is added to HF or HS0 3 F, reactions take place which lead to the formation of various acidic complexes such as HSbF 6 , HSb 2 F 11 and H(SbF 5 ) 2 Fso 3 (Refs. 1,4,5).
The latter compounds are more acidic than HF_or HS0 3 F because the corresponding complex anions are bigger than For Fso 3 whicfi involves a loosening of the bond between the proton and its counterion.
Measure of acidity : Harnmett acidity function H The Harnmett acidity function H (Ref.6) , has be~n extensively used by Gillespie and coworkers (Refs.9, 8) as a measure of the acidity of highly acidic non-aqueous solutions.
Typical H values (Ref.8) Since the pionneering work of Gillespie no progress has been reported on systems containing more than 10% of SbF 5 in HS0 3 F. The difficulties encountered in direct measurement of the BH+/B ratio by u.v. spectroscopy and the unavailability of weak bases with overlapping log I values are the reasons for reduced reliance on acid-base indicators.
Recently So~er et al. (Ref.9) have reported a new method of determination of the BH /B ratio using a dynamic NMR technique.
The principle is based on the well known fact that the barrier to rotation areund a single bond with some n character is very sensitive to all factors which enhance ~ electron delocalisation (Ref . A discrepancy observed in the 9 -10% region may be explained by poor accuracy due to the use of diprotonated indicators in the u.v. determinations.
Extrapolation to higher SbF 5 concentrations yields, for magic acid, a H 0 value of -25.
By studies of protonation of ß-diketones and acid-cata~ysed isomerizations of hydroxyallyl. and alkyltetrahydrofuryl cations (Fig.l) , Brouwer et al. (Refs. 11, 12) have shown that the order of decreasing acidity was:
HF-SbF 5 (molar ratio 1/1) » HF-SbF 5 (molar ratio 9/1) > HS0 3 F-SbF 5 (molar ratio 1/1) > Hso 3 F-SbF 5 (molar ratio 5/1).
Another measure of the acidity of SUperacids called the Ro(H) function has been inferred from measurements of the hydrogen electrode potential versus the ferrocene-ferricinium potential (or of any reference system which is assumed to be independent of the solvent). Although SbF 5 is not a streng acid per ~ (Ref.l6 ) its addition to HF, HS0 3 F, CF 3 so 3 H, CnF 2 n+lso 3 H (Ref.l7) enhances the acidity of these, as shown by using a set of Harnmett indicators or potentiometric measurements.
Interast and properties of superacid media Ten years ago Olah gave a fantastlc Impetus to studies of reactions in superacids.
Thus it has become possible to protonate very weak bases, to study the stereochemistry of the strengest acceptor site of a molecule, and to observe carbocations anq their rearrangements etc. Moreover, the availability of protons which is !1ue to the fact that they are poorly solvated has another consequence; the proton becornes concornitantly a powerful oxidant. Indeed at roorn ternperature, the potential of the electrochernical reduction of the proton varies linearly with -0.06 pH or + 0.06 HP.
Consequently when pH < -15, this potential is considerably higher tnan in water.
It rnust be pointed out that the enhancernent of acidity is accornplished by adding antirnony pentafluoride which is a strong oxidant.
By allowing superacids to react with alkanes, the rnost stable carbocations are obtained.
These correspond to the rnost rarnified hydrocarbons which have the best octane nurnber -thus superacid rnedia catalysts seern able to solve the problern of tetraethyl-lead free gasoline.
As a matter of fact, with such catalysts the isornerisation rate of n-pentane can reach 85%, which is the therrnodynarnic lirnit.
Since n-pentane Is the rnajor constituent of gasoline a cornplete conversion of this cornpound into ~sopentane which possesses a high octane nurnber should avoid the use o .anti-detonating additives.
Chernical behaviour of alkanes in suleracid solutions In superacid rnedia, alkanes behave ike bases.
Thus the first step is a protonation reaction,
The [RH 2 ]+ species is unstab1e and leads to the forrnation of the carbocation R+ with concornitant loss of a hydrogen rno1ecu1e 
Alkane oxidation Proton reduction.
In the case of reaction (4') carbocations R' can attack further alkane molecules to yield oligomerized molecuies thus,
thus, in 1968, Olah & Schlosberg (Ref.l8) claimed that they were able to oligomerize methane in magic acid. The overall process is outlined in the following scheme.
Scheme I ~-
With other alkanes, Olah et al. (Ref.l9) found that oligocondensation reactions take place with-rncreasing ease, on going from methane, to ethane, to propane, to butane, etc.
Isomerisation and oligomerisation of paraffins occur via carbocations which are oxidized species compared to the alkanes. As a result carbocations can be generated by protonation as well as by pawerful oxidants. Thus Olah's reactions can be initiated not only by protonation but also by streng oxidising agents.
Because SbF 5 itself is a streng oxidant, the identity of the chemical species involved in the creation of carbocations is important from a theoretical and practical point of view; the isamerisation of of n-pentane and n-hexane and the oligocondensation of lower alkanes are reactions of industrial interest.
Mechanism of hydride abstraction fram parafins
The abstraction of hydride ion from saturated hydrocarbons by streng acids to yield stable carbonium ions was first reported in the years 1962/3. A mechanism was proposed consisting of a protonation of the saturated hydrocarbon followed by elimination of H 2 and formation of a carbonium ion. Applications aroused immediate interest (Ref.22 
·2-v· . .
The triangular configuration was strongly endorsed by Olah who considered it tobe a distinct intermediate.
It was deduced unquestionably from these results that the formation of carboniurn ions from hydrocarbons in strong acids was uniquely due to hydride abstraction by a proton.
But many experiments were at variance with these facts.
In the Laboratoire de Chimie Analytique, Bobilliart and coworkers (Ref.26) tried to oligomerize lower alkanes by electrochemical initiation. Since oligomerisation occurs via carbocation interrnediates, as, ~-~·· in scheme No.I, it was expected that Olah's reactions could be obtainea by preparing carboniurn ions via electrochemical oxidation of the corresponding saturated hydrocarbons.
The solvent chosen for the anodic electrolysis was pure fluorosulfuric acid (H 0 = -15).
It was believed that such a solvent was relatively inert towards paraffins, compared with magic acid (H 0 = -25).
It carne to light that this premise was wrong.
During electrolysis of light alkanes, we found that a chemical reaction interfered with the desired electrochemical process.
With n-butane and E-pentane we observed that isomerisation and polyrnerisation ~ccurred even without electrolysis.
A careful investigation revealed that the hydrocarbons were oxidized to carboniurn ions (which explains isomerisation and polyrnerisation) with concomitant production of sulfur dioxide.
We detected no trace of hydrogen.
The only way to rationalize our results was to assurne that oxidation of paraffins to carbocations by so 3 occurred.
The so 3 originated from the dissociation of fluorosulfuric acid.
At the sarne time, Larsen, Bouis, Watson and Pagni (Ref.27) found similar results with cyclo-heptatriene in pure fluorosulfuric acid.
The oxidation of cyclo-heptatriene to tropyliurn ion by so 3 led these workers to study carefully the reaction of isobutane in mixtures of HS0 3 F and SbF 5 where isobutane is converted smoothly to the tert-butyl carbocation.
Larsen er-al. observed neither hydrogen nor sulfur dioxide.
However, cycloheptatriene did yield so 2 during the forrnation of tropyliurn ion. These results indicate clearly that carbocation formation was not proceeding via hydride abstraction by protons.
In actual fact, even in magic acid, hydrogen is not produced in amounts required by the stoichiornetry: R 1 R 2 R 3 c-H + H+ ~ R 1 R 2 R 3 C+ + H 2 According to Olah (Ref.24 ) the stoichiometry deficiency was due to the fact ·that "nascent" hydrogen reduces the acid.
However it has been shown earlier (Ref.25 ) that hydrogen does not reduce acid systems such as HS0 3 F, HS0 3 F-SbF 5 , HF-SbF 5 • In 1973 Lukas, Krarner and Kouwenhoven (Ref.21) pointed out that a nurober of results obtained with the two acid systems HF-SbF 5 (molar ratio > 10/1) and Hso 3 F-SbF 5 (1/1) are not compatible with the protonation scheme; for exarnple methane was found to oligomerize in Hso 3 F-SbF 5 but not inHF-SbF 5 , although the hydrogen-deuteriurn exchange takes place in both systems.
These authors postulated that a fundarnentally different mechanism may account for the reactions of saturated hydrocarbons in strong acids.
They have shown (Ref.21 ) that hydride abstraction from alkanes can be effected by SbF 5 alone.
It is in this context that Thiebault (Ref.28) undertook, a year ago, an electrochemical study of the behaviour of antimony pentafluoride dissolved in pure hydrogen fluoride.
Why hydrogen fluoride rather than fluorosulfuric acid?
Because addition of SbF 5 to fluorosulfuric acid leads to complicated reactions which produce the species SbF 6 -,sb 2 Fll' SbF 5 .cso 3 F) and (SbF 5 ) .2S0 3 F-.
The HF-SbF 5 system is simpler inasmuch as only two complex anions are formed viz., SbF 6 and Sb 2 Fi 1 • Forthis reason we have used the HF-SbF 5 system for investigating the oxidising power of SbF 5 compared to the oxidising power of the proton in superacid media.
Although the +5 oxidation state of antimony is not electroactive at a platinum electrode in hydrogen fluoride solutions it is possible to evaluate the redox potential of the couple Sb(+III)/Sb(+V).
From the results(see legend of figure 1) Sb(+V) is a stronger oxidant than the proton in highly acidic media.
Thus SbF 5 can evidently function as an oxidising agent when carbonium ions are generated in superacid media.
The electrochemical oxidation of elementary antimony yields exclusively Sb(III+) and Sb(III+) does not disproportionate whatever the·pH. Thus Sb(V) is a stronger oxidant than Sb(III), and the reduction of Sb(V) produces Sb(III).
In the presence of HF, SbF 5 yields SbF6 and Sb 2 F 11 -, when ' Fig.2 The equation of the corresponding potential plot (lines (3) and (3') of Fig.2 ) is E(V) = C + 3 ;2 X 0.054 pFIt follows that c is equal to or greater than -0.95 V1 thus curve (3) represents the lower limit of the oxidising potential of Sb(V+).
Conclusion
In view of the situation outlined in this paper much werk remains to be done to establish unequivocally the mechanisms by which carbonium ions are formed in superacid media. We can conclude, however that four processes exist by which carbonium ions can be generated from hydrocarbons in acid and superacid solutions :
1)
hydride abstraction by a proton, 2) oxidation by SbF 5 , .
3)
OXidation by S0 3 in the presence of HS03F 4) electrochemical oxidation of the hydrocarbon.
It is obvious that the first three processes can occur simultaneously. The first process is interesting from an industrial point of view if the secend process does not play a role, because process 2 involves a loss in catalyst activity.
